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ABSTRACT
In this paper we have extended our previous work (Osmanov 2019) and considered spectral
characteristics of interstellar non-relativistic Type-II and Type-III Von-Neumann probes. It has
been shown that by means of the proton capture, required for replication, strong bremstrahlung
emission will be generated. We have found that for both types of civilizations the probes might
be visible mainly in the infrared spectral band, but as it has been found the probes might be
visible in the ultraviolet as well. For both cases it was shown that differential power has dips
for equally spaced frequencies, which might be a significant fingerprint to identify such exotic
interstellar objects.
Subject headings: Von Neumann Probes; SETI; Extraterrestrial; life-detection
1. Introduction
In the previous paper (henceforth paper-I) we
have considered self-replicating Von-Neumann ex-
traterrestrial probes (Osmanov 2019). In this
work we considered self replicating extraterres-
trial robots and estimated their lengthscales. We
found that for making a process of colonization
of space very efficient, the probes must be very
small. Then, in a molecular cloud the typical
timescale of replication might be several years,
which might lead to potentially detectable very
intense radiation. In Paper-I we estimated or-
ders of magnitude of radiation frequency, bolo-
metric luminosity and its increment, but did not
study the spectral characteristics of emission, the
study of which is a purpose of the present work.
The idea of self-reproducing probes has been pro-
posed in the last century by Von Neumann (1966).
In particular, he studied the possibility of ma-
chines with artificial intelligence capable of self-
reproduction and the problem has been examined
in in the context of information theory and cor-
responding thermodynamics. This idea also has
been revisited in the context of the search for ex-
traterrestrial intelligence (SETI) (Cirkovic 2018).
After the discovery of ”Oumuamua”’s unusual be-
haviour (Bialy & Loeb 2018), the interest to the
study of extraterrestrial probes has been revived,
despite the natural explanation of the aforemen-
tioned peculiarity (Bannister et al. 2019).
In general, the study of techno-signatures of
advanced extraterrestrial civilizations has been
actively discussed since a brilliant idea of Dyson
(1960), who proposed to search for Type-II
(Kardashev 1964) civilizations by searching for in-
frared spheres (Dyson spheres - DS) built around
stars. It is worth noting that according to Karda-
shev’s classification Type-I is a technological civ-
ilization which uses the total energy coming from
the host Solar-type star to the Earth-like planet,
Type-II is an advanced alien society harnessing
the total energy emitted by the star and Type-III
civilization is capable to use the total energy of
the host galaxy. The interest to techno-signatures
has revived after the discovery of a strange be-
haviour of the Tabby’s star’s (Name in the catalog
KIC8462852) flux, characterised by unusual high
dips (Boyajian et al. 2016). The problem is so
complex that Dysonian SETI should be revisited
and widened (Bradbury et al. 2011). Interesting
attempts have been presented in a series of pa-
pers (Semiz & Ogur 2015; Osmanov 2016, 2017;
Osmanov & Berezhiani 2018, 2019; Haliki 2019;
Zackrisson et al. 2018; Lacki 2019).
In this context a special interest deserves our
previous work (Paper-I) where we have studied the
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Von-Neumann interstellar Type-II probes1. The
main aim of the paper was a) to show high ef-
ficiency of small sized probes in colonising the
space and b) estimate very general characteristics
of the emission pattern. In the paper-I we have ex-
amined the probes with three possible velocities:
0.01c, 0.02c, 0.1c (c is the speed of light) and it
was shown that number of the probes increases
drastically by the factor of 1032 during 650yrs
(υ = 0.01c), 320yrs (υ = 0.02c), 60yrs (υ = 0.1c).
Which are quite realistic values because they are
small compared to a timescale (3000yrs) required
for Type-I civilization to reach the level of Type-
II (Dyson 1960). We have found that the probes
might be seen from radio to the infrared spec-
tral band and estimated the luminosity increment
time-scales which lie in the interval (1; 10)yrs and
the corresponding achieved luminosities might be
enormous, at least of the order of 1016−20erg/s.
The aim of the present paper is certain exten-
sion of paper-I. In particular, we are going to study
the spectral characteristics of the probes studying
energy emitted by the unit of time per unit of fre-
quency for Type-II and Type-III extraterrestrial
probes.
The paper is organized in the following way: in
Sec. 2, we coonsider the general tools and meth-
ods, applying them to Type-II and Type-III civi-
lizations and obtain corresponding results and in
Sec. 3 we outline the summary of the results.
2. Main considerations
As we have already shown in the previous work,
the mass rate for a spherical probe is given by
(Osmanov 2019)
dM
dt
= piβr2m0nc, (1)
where r is the radius of the probe, β = υ/c is a di-
mensionless velocity, c represents the speed of light
and m0 is the mass of a molecule the probes en-
counter and n is the number density of particles in
a cloud. By taking into account an expression for
the mass of the spherical probe, M = 4piξr3ρ/3,
the timescale of replication writes as where r is the
1In paper-1 a) in Eq. (2) for the probe’s size and density
there should be 0.01µm and 1cm−3 and b) the optimal size
is 10−6cm instead of 7× 10−6cm.
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Fig. 1.— The behaviour of Ef versus frequency.
The set of parameters is: β = 0.01, N0 = 100,
ξ = 0.1, m0 = mp (mp is the proton mass), ρ =
0.4g cm−3, n = 104cm−3, D = 2 pc.
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Fig. 2.— The dependence of Ef on frequency. The
set of parameters is the same as in the previous
graph except n = 1cm−3 and D = 50000 pc.
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radius of the probe, β = υ/c is a dimensionless ve-
locity, c represents the speed of light and m0 is
the mass of a molecule the probes encounter and
n is the number density of particles in a cloud. By
taking into account an expression for the mass of
the spherical probe, M = 4piξr3ρ/3, the timescale
of replication writes as
τ =
M
dM/dt
=
4ξ
β
×
ρ
m0n
×
r
c
≃ 3.4×
ξ
0.1
×
×
0.01
β
×
ρ
0.4g cm−3
×
104cm−3
n
×
r
0.1mm
yrs, (2)
where ξ denotes the fraction of the total volume
filled with the material the probe is made of ρ
is the corresponding density normalised by the
Graphene density (up to now the strongest ma-
terial). As it is clear from the above expression
time required for replication of a single probe is
of the order of several years. This in turn means
that in a nebula with a length-scale 2pc the mul-
tiplication factor, 2t/τ , becomes of the order 1048,
which indicates high efficiency of the process. By
assuming the initial number of robots 100, one
can straightforwardly show that an average dis-
tance between probes is of the order of 1m. The
time-scale has been estimated for the typical pa-
rameters of HII interstellar atomic hydrogen cloud
(Carroll & Ostlie 2010).
In paper-I we have discussed that the probes
when collecting the cloud atoms or molecules will
inevitably lead to observable events. In particu-
lar, it is easy to show that a single probe capturing
protons will accelerate them with the acceleration,
a ∼ υ2/(2κr) (κ ≤ 1 is a dimensionless parame-
ter characterizing an acceleration distance). This
process in turn will lead to the Larmor emission
and as a result, by means of the multiple events of
proton capture, the bolometric luminosity corre-
sponding to a single probe is given by (Osmanov
2019)
Lp ≃
pi
3κ
nrce2β4, (3)
leading to the total luminosity of the ensemble of
self-replicators
Ltot ≃
pi
3κ
nrce2β4N0 × 2
t/τ , (4)
where N0 indicates the initial number of robots.
Throughout the paper we use κ = 1.
As it has been shown by Osmanov (2019), for a
given medium there is a certain relation between
the probe size and the length-scale of a space, D,
the ensemble is supposed to occupy reaching some
critical (maximum) luminosity, Lcr
3ln 2
4ξ
×
m0n
ρ
×
D
r
≃ ln
(
Lcr
L0(r)
)
, (5)
where L0 = N0Lp is the initial total luminos-
ity. Unlike the previous study, in this paper
we consider both types of advanced civilizations:
Type-II, harnessing the total energy of its host
star and Type-III utilising the energy of a galaxy
(Dyson 1960). For Type-II probes the critical lu-
minosity is of the order of the Solar luminosity,
L⊙ ≃ 3.8 × 10
33ergs s−1, whereas for Type-III
the critical value should be of the order of the
bolometric luminosity of the galaxy. As an ex-
ample we examine the Milky Way galaxy Lcr ≃
3.6 × 1010L⊙ (Carroll & Ostlie 2010). The afore-
mentioned equation should be solved numerically
and one can show that as for a spherical molec-
ular cloud with a length-scale D ≃ 2pc one ob-
tains the probe size of the order of 0.013cm and
for the latter, by taking into account the diameter
of the Milky Way galaxy D ≃ 50000pc, one has
0.025cm. The calculations have been performed
for β = 0.01.
In the previous study we have considered only a
general emission pattern, without going into spe-
cial characteristics. On the other hand, identifica-
tion of the probes requires a detailed study of of
the emission process. Therefore, the major aim of
the paper is to examine the spectral energy dis-
tribution of self-replicating Von-Neumann probes.
For this purpose we consider radiated energy per
unit of frequency (Rybicki & Lightman 2007)
dW
dω
=
8piω4
3c3
× |dˆ(ω)|2, (6)
where ω is the cyclic frequency of emission and
dˆ(ω) =
1
2pi
∫ +∞
−∞
d(t)eiωtdω (7)
is the Fourier component of the dipole moment.
By considering the Fourier transform of its second
time derivative, one obtains (Rybicki & Lightman
2007)
−ω2dˆ(ω) =
e
2pi
∫ +∞
−∞
a(t)eiωtdω, (8)
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where e is the proton’s charge and a(t) is the
corresponding acceleration when encountering the
probes. If one approximates it as a constant value,
a, during an interaction time τ0 ≃ 2κr/v, then it
is straightforward to show
dˆ(ω) =
ea
piω3
∣∣∣sin(ωτ0
2
)∣∣∣ , (9)
reducing Eq. (6) to the following form
dW
df
=
4pie2β2
3c
×
(
f0
f
)2
sin2
(
f
f0
)
, (10)
where f0 ≡ βc/(2piκr) and we have taken into ac-
count ω ≡ 2pif . The derived formula characterises
a single event of a proton capture. To obtain the
total emission per unit time and unit frequency in-
terval (spectral power), Ef ≡ dW/(dtdf), we note
that the incident proton flux is npcβ, then one can
write
dW
dtdf
= npN(t)
4pie2r2β3
3
×
(
f0
f
)2
sin2
(
f
f0
)
,
(11)
where
N(t) = N0 × e
t/τ , (12)
is the total number of probes. As a next step,
we are going to apply the obtained expressions to
Type-II and Type-III civilizations.
2.1. Type-II interstellar probes
In this subsection we examine the Von-Neumann
probes belonging to Type-II societies. For this
purpose we consider a spherical nebula with a
radius of the order of 1pc, then, as we have al-
ready shown the optimal length-scale of the robot
should be of the order of 0.013 cm leading to the
corresponding normalizing emission frequency 2
f0 ≃
βc
2pirκ
≃ 3.7× 109 ×
β
0.01
Hz. (13)
In Fig. 1 we plot the dependence of Ef on
frequency. The set of parameters is: β = 0.01,
N0 = 100, ξ = 0.1, m0 = mp (mp is the proton
mass), ρ = 0.4g cm−3, n = 104cm−3, D = 2 pc.
As it is clear from the figure, the spectral power
of Von-Neumann probes has a specific fingerprint:
2The velocities of the probes are not relativistic and there-
fore, the Doppler shift does not affect the result.
at certain frequencies Ef diminishes. From Eq.
(11) one can straightforwardly show that the spec-
tral power becomes zero for the following discreet
set of equally spaced frequencies fk = f0pik for
k = 1, 2, .... The presented spectral behaviour is
drastically different from black body spectrum as
well as from the thermal bremstrahlung, which can
be a very important factor in identifying the Von-
Neumann interstellar probes. Another interesting
feature is that if one considers a different value
of β, the corresponding length-scale of the probe
will be different, but the overall spectral feature
will be the same - in this sense the given spec-
trum is unique. The initial number of probes 100,
very rapidly multiplies and approximately in 650
yrs the total number will be of the order of 1050
colonising the whole nebula. One should also note
that if one maintains an annual growth rate of 1%
in industry, then 3000 yrs is quite enough to reach
such an advanced technological level, which means
that the assumption of existence of such alien so-
cieties is quite reasonable (Dyson 1960).
2.2. Type-III interstellar probes
As it has been classified by Kardashev (1964)
advanced civilizations consuming almost the
whole power of their host galaxy (∼ 4 × 1044ergs
s−1) is the so-called Type-III society. Our own
civilization consumes approximately 4 × 1019ergs
s−1, which means that if an average 1% of an-
nual growth is maintained our society will achieve
Type-III in ∼ 6000 yrs, which like the previous
case, is a negligible value on the galactic time-
scale.
For making estimates, we consider the parame-
ters of the Milky Way, having the diameter 50000
pc and the total luminosity ∼ 3.6×1010L⊙. Then,
by taking into account the number density of inter-
stellar protons∼ 1 cm−3 for the optimal size of the
probe one obtains 0.025cm (see Eq. (5)), which
means that the frequency describing the spectral
energy distribution is of the order of 1.9× 109 Hz.
In Fig. 2 we show the behaviour of Ef versus f .
The set of parameters is the same as for Type-II
civilizations except n = 1 cm−3 andD = 50000 pc.
Likewise the previous case, one can see that emis-
sion spectra of Type-III probes vanishes for a dis-
creet set of frequencies fk = f0pik for k = 1, 2, ...
with f0 = 1.9 × 10
9 Hz. For the considered value
of velocity, the time-scale of colonising the whole
4
galaxy is of the order of T ≃ D/(2βc) ≃ 16 Myr,
which is by three orders of magnitude less than
the galactic age, 10 Gyr, therefore, colonization
in the context of time-scales might be quite rea-
sonable. From Eq. (12) one can straightforwardly
show that after the mentioned time, the multipli-
cation factor will be of the order of 1058 leading
to the total luminosity of the order of the galac-
tic luminosity. Peculiarity of the emission spec-
tra, characterised by equally spaced dips and the
overall dependence on frequency, which is differ-
ent from all other spectral behaviours might be
a good sign to identify the Type-III interstellar
Von-Neumann probes.
Recently new prospects appeared thanks to
the Five-hundred-meter Aperture Spherical radio
Telescope (FAST) - a single-dish radio telescope,
which is going to work in the SETI projects as well
(Lu et al. 2019). On the other hand, radio emis-
sion of Von-Neumann probes is significant. In par-
ticular, for Type-II probes the total power emit-
ted in the Hydrogen line (1.42 GHz) will be of
the order of 1032 ergs s−1, therefore FAST might
potentially detect such objects.
3. Conclusion
We have studied the spectral characteris-
tics of Type-II and Type-III Von-Neumann self-
reproducing interstellar probes. For this purpose
we have considered emission generated by proton
capture and examined the corresponding mecha-
nism of bremstrahlung.
Considering Type-II robots it has been shown
that to colonise the spherical nebula with radius
of the order of 1 pc, the optimal length-scale of
the probe should be 0.013 cm, leading to emission
from radio to infrared. It has been found that the
differential emission power has equally spaced dips
in frequency. The same behaviour has been found
for Type-III interstellar probes as well (also po-
tentially observable from radio to infrared), which
might be a significant indicator to identify these
exotic robots.
Generally speaking, we have analysed the emis-
sion pattern for certain typical parameters. Con-
sequently for different values the emission spectra
will be different, but what is very important, a
general fingerprint - the particular behaviour, with
periodic dips - is maintained and in this sense the
mentioned results are unique. Therefore, if one
finds the similar dependence of spectral power on
frequency, this might be a significant result indi-
cating the existence of Von-Neumann interstellar
probes.
Acknowledgments
The research was supported by the Shota Rus-
taveli National Science Foundation grant (NFR17-
587).
REFERENCES
Bannister et al. (2019) The natural history of
”Oumuamua”, Nature Asytonomy 3, 5
Bialy, S. & Loeb, A., (2018) Could Solar Radi-
ation Pressure Explain ’Oumuamua’s Peculiar
Acceleration?, ApJL 868, 5
Boyajian, T.S. et al. (2016) Planet Hunters IX.
KIC 8462852 - where?s the flux? Monthly No-
tices of the Royal Astronomical Society 457,
3988
Bradbury, R. J., Cirkovic, M. M. &
Dvorsky, G. (2011) Dysonian Approach to
SETI: A Fruitful Middle Ground? Journal of
the British Interplanetary Society 64 156
Carroll, Bradley W. & Ostlie, Dale A.,
(2010) An Introduction to Modern Astrophysics
and Cosmology. Cambridge University Press,
Cambridge, UK
Cirkovic, M.M., (2018) The Great Silence. The
Science and Philosophy of Fermi’s Paradox Ox-
ford University Press, Oxford, UK.
Dyson, F. (1960) Search for Artificial Stellar
Sources of Infrared Radiation. Science 131,
1667
Haliki, E. (2019) Broadcast network model of
pulsars as beacons of extraterrestrial civiliza-
tions International Journal of Astrobiology 18,
455
Kardashev, N. S. (1964) Transmission of Infor-
mation by Extraterrestrial Civilizations. Soviet
Astronomy 8, 217
5
Lacki, B.C. (2019) Sunscreen: Photometric Sig-
natures of Galaxies Partially Cloaked in Dyson
Spheres. Publications of the Astronomical Soci-
ety of the Pacific 131, 024102
Lu, J., Lee, K. & Xu, R. (2019) Advancing Pul-
sar Science with the FAST. arXiv: 1909.03707
Von Neumann, J., (1966) Theory of Self-
Reproducing Automata. University of Illinois
Press, Urbana and London
Osmanov, Z. (2019) On the interstellar Von
Neumann micro self-reproducing probes In-
ternational Journal of Astrobiology (DOI:
https://doi.org/10.1017/S1473550419000259)
Osmanov, Z. (2018) Are the Dyson rings around
pulsars detectable?International Journal of As-
trobiology 17, 112
Osmanov, Z. (2016) On the search for artificial
Dyson-like structures around pulsars. Interna-
tional Journal of Astrobiology 15, 127
Osmanov, Z. & Berezhiani, V.I. (2019)
Anomalous variability of Dyson megastruc-
tures. Journal of the British Interplanetary So-
ciety 72, 254
Osmanov, Z. & Berezhiani, V.I. (2018) On
the possibility of the Dyson spheres observ-
able beyond the infrared spectrum. Interna-
tional Journal of Astrobiology 17, 356
Rybicki, G.B. & Lightman, A.P. (2007) Ra-
diative Processes in Astrophysics, Wiley, 2007
Semiz, I. & Ogur, S. (2015) Dyson Spheres
around White Dwarfs. arXiv: 1503.04376
Zackrisson, E., Korn, A. J., Wehrhahn, A.
& Reiter, J. (2018) SETI with Gaia: The
Observational Signatures of Nearly Complete
Dyson Spheres. The Astrophysical Journal 862
7
This 2-column preprint was prepared with the AAS LATEX
macros v5.2.
6
